Growth and conversion to the mucoid phenotype by nonmucoid Pseudomonas aeruginosa PAO1 was studied in a chemostat system under conditions designed to reflect those likely to be present during chronic infection in the lung in cystic fibrosis patients. Mucoid variants were consistently isolated during continuous culture in the presence Pseudomonas aeruginosa is responsible for much of the morbidity and mortality associated with chronic pulmonary infections in cystic fibrosis (CF) patients (10, 15, 24) . With prolonged chronic infection, P. aeruginosa undergoes alteration from the classical nonmucoid form to an atypical mucoid form, which correlates with the production of the exopolysaccharide alginic acid (6). In the context of chronic lung infection, alginate is an important virulence determinant. The appearance of alginate-producing P. aeruginosa strains is usually associated with a poor patient prognosis (10). Alginate has been implicated in adherence to tracheal epithelium (21, 28) and has been associated with antiphagocytic function (29) which might have relevance within the context of chronic lung infections, such as slow growth rate, limitation of nutrients, utilization for growth of components found in lecithin, and high medium osmolarity, resulted in the appearance of a persistent mucoid subpopulation. The emergence of mucoid organisms usually coincided with the appearance of bacteriophage activity in these cultures. However, phage activity was detected under all growth conditions, while mucoid organisms were only detected when certain environmental or nutritional conditions existed. The possible relevance of these results to the conversion of P. aeruginosa to the mucoid phenotype in chronic lung infections is discussed.
Growth and conversion to the mucoid phenotype by nonmucoid Pseudomonas aeruginosa PAO1 was studied in a chemostat system under conditions designed to reflect those likely to be present during chronic infection in the lung in cystic fibrosis patients. Mucoid variants were consistently isolated during continuous culture in the presence of 0.3 M NaCl or 5 or 10% glycerol. Mucoid subpopulations were also detected under conditions of carbon, nitrogen, or phosphate limitation. During carbon or nitrogen limitation, mucoid conversion was dependent upon the choice of substrate. Phosphate-limited cultures exhibited an inverse relationship between culture growth rate and number of mucoid organisms detected. Mucoid variants were not detected when dilution rates (D) exceeded 0.173 h-'. Conversely, at a D of 0.044 h-1, 40% of the population expressed the mucoid phenotype. Phosphorylcholine, a product of phosphojipase C activity on the major lung surfactant phosphatidylcholine, was also used as a growth substrate in nutrient limitation studies. Under all conditions, growth of PAO1 supplied with phosphorylcholine resulted in isolation of mucoid variants, indicating that the lung may provide at least one nutrient source conducive to mucoid conversion. Continuous culture also resulted in detection of a phage associated with strain PAO1. High titers of phage were present under all conditions, including those which yielded no mucoid organisms, suggesting that environmental conditions rather than the phage regulated the appearance of mucoid variants.
Pseudomonas aeruginosa is responsible for much of the morbidity and mortality associated with chronic pulmonary infections in cystic fibrosis (CF) patients (10, 15, 24) . With prolonged chronic infection, P. aeruginosa undergoes alteration from the classical nonmucoid form to an atypical mucoid form, which correlates with the production of the exopolysaccharide alginic acid (6) . In the context of chronic lung infection, alginate is an important virulence determinant. The appearance of alginate-producing P. aeruginosa strains is usually associated with a poor patient prognosis (10) . Alginate has been implicated in adherence to tracheal epithelium (21, 28) and has been associated with antiphagocytic function (29) . While the relationship between mucoid P. aeruginosa and CF is well documented, the environmental factors of the CF lung responsible for conversion of nonmucoid P. aeruginosa to the alginate-producing mucoid
form have yet to be defined.
A chemostat model for the study of this organism under chronic diseaselike growth conditions (phosphate and nitrogen limitation) which would reflect the likely physiological status of organisms in the lungs of CF patients has recently been reported (18) . In this study, phosphate-limited cultures of mucoid P. aeruginosa were capable of utilizing phosphorylcholine (PC), a product of phospholipase C activity on phosphatidylcholine (a major component of lung surfactant), as a sole source of phosphate for growth (18) .
In (25) , which has been described previously (17, 18) , was the primary growth medium used for the chemostat studies. The medium contained 100 mM monosodium glutamate, 100 mM sodium gluconate, 7.5 mM NaH2PO4, 16 N.J.) with either a 350-ml or a 1.2-liter working volume. Culture conditions were as described previously (18) with the following modifications. When anaerobic conditions were required, nitrogen gas was supplied to the cultures at a rate of 0.5 liter min-', and sodium nitrate was added to the medium at a final concentration of 2% to serve as an alternative electron acceptor (31, 34) . For continuous-culture studies which examined growth under conditions of high medium osmolarity, the addition of medium from the reservoir was initiated when the batch cultures reached the mid-exponential phase. All cultures were maintained at a specified dilution rate for several days. Growth and colony morphology. Samples were obtained from the culture vessel at various time points during growth of strain PA01. Appropriate dilutions were made in AP medium, and 0.1-ml aliquots of these samples were plated onto MMA plates for determination of growth based upon colony-forming units (CFU) per milliliter. The phenotypic expression of the culture was determined at the same time by noting the number of each colony type on MMA plates. Production of alginate by representative mucoid colonies was verified by isolation and purification of alginate by previously described methods (18) , and the stability of mucoid colonies was determined by a minimum of three passages on MMA.
Bacteriophage determinations. Plaque assays were performed with filtrates made from samples taken directly from chemostat cultures. Filtrates were diluted in phage suspension medium (SM) containing 100 mM NaCl, 10 mM MgSO4 .7H20, 0.1% gelatin, and 50 mM Tris, pH 7.5 (20) . Aliquots (0.1 ml) were spread over 0.5% soft agar lawns of PA01. Following overnight incubation at 37°C, plaques were counted and phage activity was determined in plaque-forming units (PFU) per milliliter. Samples which contained phage activity were pooled and stored at 4°C for further use in phage lysate preparations. Phage stocks were made from plate lysates prepared from plaque-purified phage samples.
Stocks were stored frozen in SM with 15% glycerol at -80'C or in SM at 4°C until used for phage sensitivity and adsorption assays.
Phage sensitivity and adsorption assays. Nonmucoid colonies from plated samples of chemostat cultures taken at different times during the course of these cultures were screened for phage sensitivity. These colonies were subcultured first onto MMA plates. Only those colonies which did not spontaneously lyse after 48 h of incubation at 370C were tested for phage sensitivity. Colonies were resuspended in AP medium and grown overnight in 50-ml cultures at 37°C with constant shaking. A 0.1-ml volume of each culture was spread onto MMA plates, which were allowed to dry for 60 min. Aliquots (50 ,u) of phage preparations were spotted onto these plates. After overnight incubation at 37°C, plates were checked for zones of clearing where phage had been spotted. Mucoid PAO1 variants isolated from cultures were treated in the same manner except that lawns were made in 0.5% soft agar in order to reduce the amount of exopolysaccharide production, which often obscured signs of phage activity. Plates from the original PA01 stock were also treated with phage preparations as a positive control. Mucoid variants were also tested for sensitivity by infection of soft-agar lawns with diluted phage samples and comparison with the number of plaques formed in nonmucoid PAO1 lawns infected with identical phage preparations.
Mucoid variants were also compared with nonmpcoid PA01 in adsorption assays for their ability to adsorb phage. Triplicate samples of 108 to 109 cells from overnight cultures were mixed with an equal volume of SM containing 104 to 105 PFU of phage in microfuge tubes. After a 40-min incubation at 37°C, the mixtures were centrifuged at 1,100 x g for 15 min to get rid of cells, and supernatant fluids were subjected to sterile filtration. Samples were thep diluted in SM, and 0.1-ml volumes of each were spread onto soft-agar lawns of PAO1. Plates were incubated overnight, and plaques were counted. Phage adsorption was calculated from the reduction in the phage titer of samples compared with the titers of identical phage preparations which had not been exposed to cells. Statistically significant differences were assessed by a two-tailed Student's t test for independent means (P -0.05 was considered not significant).
RESULTS
Osmotic stress. Growth of P. aeruginosa PAQ1 under conditions of high medium osmolarity was accomplished by continuous culture of organisms in AP medium with either 0.3 M NaCl or 0.4 M sucrose as osmotically active agents. Additionally, growth in AP medium with either 5 or 10% (vol/vol) glycerol, an osmotically neutral agent, was investigated. The results of these experiments were compared with those in continuous culture in AP medium alone (Table 2) . Cultures were maintained for several days; however, it was difficult to achieve a steady state of growth as defined by constant culture, there was a significant decrease in culture viability coincident with the appearance of two new and unusual colony morphotypes on MMA plates. One colony was of normal size but appeared to be undergoing lysis and completely disintegrated over time. The second colony type was small and slow growing and began to lyse within 48 h. Resuspension of these colonies in AP medium and inoculation of filtered supernatant fluids onto soft-agar lawns of PAO1 yielded bacteriophage plaques after overnight incubation at 37°C. Thus, it appeared that during the course of continuous culture of P. aeruginosa PAO1, a bacteriophage was produced.
Following the appearance of the lysing colonies and evident bacteriophage activity, mucoid colonies appeared on MMA plates inoculated from cultures of PAO1 grown in the presence of 0.3 M NaCl, 5% glycerol, or 10% glycerol ( Table  2 ). The percentage of the viable culture population which expressed the mucoid phenotype at the end of each growth experiment was 2.9, 3.5, and 5.6% for growth in 0.3 M NaCl, 5% glycerol, and 10% glycerol, respectively. No mucoid variants were detected when 0.4 M sucrose was used as the osmotic agent or when strain PAO1 was grown in AP medium alone (Table 2) .
Nitrogen limitation. Glutamate, a rapidly assimilated nitrogen source, and nitrate, a poorer source of nitrogen, were chosen for the investigation of the effect of nitrogen limitation on mucoid conversion of P. aeruginosa PAO1. Growth in N medium with 1 mM glutamate as the nitrogen source yielded no mucoid organisms, even at very slow growth rates. Conversely, at slower growth rates in cultures supplied with nitrate, a subpopulation of mucoid variants was detected (Table 3) , with similar cultures yielding from 0.1 to 0.4% of viable organisms expressing the mucoid phenotype on MMA plates. High bacteriophage titers were observed in all cultures, but only cultures grown with nitrate as the sole nitrogen source produced mucoid organisms (Fig. 1) Figure 2 illustrates a comparison between growth in gluconate-and growth in succinatesupplemented C medium ( Fig. 2A and B, respectively) . Interestingly, 3% of the succinate-grown organisms were (Tables 3 to   VOL. 59, 5). Additionally, screening of colonies isolated from chemostat cultures revealed that the culture population, both mucoid variants and nonmucoid PAO1, remained sensitive to this phage. Isolation of phage-resistant variants of PAO1 was successful only early in cultures, during the initial burst of phage activity when the cultures went into decline. Thereafter, this subpopulation of the cultures became undetectable as the cultures recovered toward more stable growth. Phage-resistant variants grown under phosphatelimited conditions which yielded 40% mucoid organisms from the original PAO1 culture yielded much lower levels of mucoid organisms. However, these variants have not been characterized further with respect to differences from PAO1 other than phage resistance. Mucoid PAO1 variants were tested for phage sensitivity, and all proved to be sensitive even though phage adsorption assays showed significantly lower adsorption of this phage to mucoid variants than to nonmucoid PAO1 (data not shown). Finally, phage production in batch cultures was investigated. Phage could only be detected in cultures inoculated from MMA plate cultures which were 1 week or more in age. These cultures did not yield mucoid variants.
DISCUSSION
Mucoid variants of P. aeruginosa have been recovered from chronic lung infections associated with CF and chronic obstructive lung disease as well as from chronic urinary tract infections (13) . More recently, mucoid variants of P. aeruginosa PAO were isolated from the lungs of chronically infected rats (32) . Speert et al. (30) have reported isolation of mucoid organisms from prolonged static cultures in acetamide broth. Therefore, conversion to mucoidy is not unique to the CF lung but may take place in response to common environmental factors encountered during chronic infection or in vitro under adverse growth conditions. The environmental triggers for mucoid conversion are not yet understood. The purpose of this investigation was to determine the environmental conditions conducive to mucoid conversion during continuous culture of a nonmucoid strain. Experiments were designed to reflect conditions which might be present during chronic infection of the CF respiratory tract.
One environmental factor relevant to CF is osmotic stress. Exocrine secretions in CF contain elevated sodium, chloride, and calcium ion levels (16) , which would result in increased osmolarity of bronchial secretions. Growth of P. aeruginosa PAO1 in 0.3 M NaCl resulted in conversion of 2.9% of the organisms to mucoidy. Enhanced transcription of the biosynthetic algD gene has been reported under similar conditions (2) . Ionic strength may be more important than the osmotic component, however, since no mucoid variants were detected during growth in 0.4 M sucrose. Similar differential effects have been noted for amino acid uptake in osmotically stressed Escherichia coli (9) . Growth in 5 or 10% glycerol, an osmotically neutral agent, also resulted in isolation of mucoid variants. Excess glycerol can cause formation of toxic metabolites (8, 19) . Perhaps these mucoid variants were derived from a subpopulation of organisms more acutely sensitive to this metabolic stress.
A second environmental factor would be nutritional limitation. Chronic persistence of P. aeruginosa on mucosal surfaces in the lungs without extensive tissue invasion would require prolonged survival in an environment limited for nutrients. Limitation of nutrients would greatly affect the physiological status of P. aeruginosa, particularly intracellular energy metabolism. Growth rates would have to decrease and organisms would need to become more efficient at utilizing limited nutrients. The results of the phosphate limitation experiments are consistent with this idea. At the highest dilution rate (0.347 h-1), mucoid variants were not seen. At very low dilution rates (0.035 to 0.044 h-1), cultures had access to phosphate concentrations well below the 1 mM level known to induce genes responsive to phosphate deprivation in E. coli (23) .
Phosphate limitation has a direct impact on intracellular energy pool levels, which is probably the reason for the relationship observed between growth rate and the percentage of mucoid organisms in these cultures. The results of the carbon and nitrogen limitation experiments also indicate a relationship between energy metabolism and mucoid conversion. Carbon-limited organisms grown on substrates other than gluconate would experience a greater energy drain due to the increased demand for more tricarboxylic acid cycle intermediates for biosynthetic reactions. No mucoid organisms were isolated when gluconate was used as the carbon source. Likewise, nitrate assimilation requires a larger expenditure of potential energy than glutamate assimilation, in the form of reducing equivalents (27) . Mucoid organisms were only detected when the limited nitrogen source was nitrate. Changes which occur during nutritional limitation or starvation have been studied in various organisms (14, 23) .
Exopolysaccharide synthesis has also been demonstrated during starvation stress (33) . The results from our studies with P. aeruginosa PAO1 suggest that mucoid variants may first arise during chronic infection in response to nutrient limitation. Once these variants appear, alginate would afford them protection from host defense mechanisms such as phagocytosis (29) , allowing them to persist. The lung may offer a variety of alternative nutrient sources which are liberated by the action of P. aeruginosa exoenzymes. PC is liberated from the major lung surfactant phospholipid phosphatidylcholine by the action of P. aerug- (3, 5, 11, 12) .
In nature or in chronic infection, P. aeruginosa must adapt to several environmental stresses. The regulatory algR gene may be part of a sensory transduction circuit responsive to one or more environmental signals which trigger activation of algD and other alg biosynthetic genes (4) . The roles of other regulatory genes are not yet clear. Isolation of mucoid variants by continuous-culture methods which allow control of environmental conditions without the use of mutagenic agents is a strategy which might be useful in this pursuit.
Analysis of mucoid variants obtained in this way will help in the determination of the genes involved in the complex regulation of alginate synthesis.
